The flavivirus virion consists of an envelope outer layer, formed by envelope (E) and membrane (M) proteins on a lipid bilayer, and an internal core, formed by capsid (C) protein and genomic RNA. The molecular mechanism of flavivirus assembly is not well understood. Here, we show that Zika virus (ZIKV) NS2A protein recruits genomic RNA, the structural protein prM/E complex, and the NS2B/NS3 protease complex to the virion assembly site and orchestrates virus morphogenesis. Coimmunoprecipitation analysis showed that ZIKV NS2A binds to prM, E, NS2B, and NS3 (but not C, NS4B, or NS5) in a viral RNA-independent manner, whereas prM/E complex does not interact with NS2B/NS3 complex. Remarkably, a single-amino-acid mutation (E103A) of NS2A impairs its binding to prM/E and NS2B/NS3 and abolishes virus production, demonstrating the indispensable role of NS2A/prM/E and NS2A/ NS2B/NS3 interactions in virion assembly. In addition, RNA-protein pulldown analysis identified a stem-loop RNA from the 3= untranslated region (UTR) of the viral genome as an "RNA recruitment signal" for ZIKV assembly. The 3= UTR RNA binds to a cytoplasmic loop of NS2A protein. Mutations of two positively charged residues (R96A and R102A) from the cytoplasmic loop reduce NS2A binding to viral RNA, leading to a complete loss of virion assembly. Collectively, our results support a virion assembly model in which NS2A recruits viral NS2B/NS3 protease and structural C-prM-E polyprotein to the virion assembly site; once the C-prM-E polyprotein has been processed, NS2A presents viral RNA to the structural proteins for virion assembly. IMPORTANCE ZIKV is a recently emerged mosquito-borne flavivirus that can cause devastating congenital Zika syndrome in pregnant women and Guillain-Barré syndrome in adults. The molecular mechanism of ZIKV virion assembly is largely unknown. Here, we report that ZIKV NS2A plays a central role in recruiting viral RNA, structural protein prM/E, and viral NS2B/NS3 protease to the virion assembly site and orchestrating virion morphogenesis. One mutation that impairs these interactions does not significantly affect viral RNA replication but selectively abolishes virion assembly, demonstrating the specific role of these interactions in virus morphogenesis. We also show that the 3= UTR of ZIKV RNA may serve as a "recruitment signal" through binding to NS2A to enter the virion assembly site. Following a coordinated cleavage of C-prM-E at the virion assembly site, NS2A may present the viral RNA to C protein for nucleocapsid formation followed by envelopment with prM/E proteins. The results have provided new insights into flavivirus virion assembly.
To examine the effect of HA tag on viral replication, we compared the viral replications between the P0 HA-NS2A ZIKV and WT ZIKV. Vero cells were infected with the two viruses at a multiplicity of infection (MOI) of 0.3. Immunofluorescence assay (IFA) showed that the numbers of viral E protein-positive cells were comparable between the HA-NS2A ZIKV-and WT ZIKV-infected cells (Fig. 1B) . HA-positive cells were detected only in the HA-NS2A ZIKV-infected cells, and the HA staining overlapped the E fluorescent signal (Fig. 1B) . When probed with HA antibody, Western blots showed two bands from the HA-NS2A ZIKV-infected cell lysates but not in the WT ZIKV-infected cell lysates (Fig. 1C) . The minor band of ϳ25 kDa matched the predicted molecular mass of full-length HA-NS2A fusion protein, whereas the smaller major band may represent HA-NS2A␣ (representing a C-terminally truncated form of NS2A) as previously reported for YFV (13) . The HA-NS2A ZIKV produced plaques equivalent to the WT ZIKV ( Fig. 1D) . Corroboratively, the replication kinetics of the HA-NS2A ZIKV were also comparable to the WT ZIKV ( Fig. 1E ). To assess the stability of HA-NS2A ZIKV, we continuously cultured the virus on Vero cells for six rounds (4 days per passage) and characterized the replication of P6 HA-NS2A ZIKV. The P6 HA-NS2A ZIKV exhibited viral replication comparable to the P0 virus, as indicated by IFA ( Fig. 1B) , Western blotting (Fig. 1C ), and plaque morphology ( Fig. 1D ). Sequencing of the P6 HA-NS2A ZIKV confirmed the retention of the HA tag without any extra mutations. Altogether, the results demonstrate that (i) HA-NS2A ZIKV is stable and (ii) it replicates as well as WT ZIKV.
Using the HA-NS2A ZIKV, we examined the intracellular distribution of NS2A protein in infected cells. IFA was performed on HA-NS2A ZIKV-infected Vero cells using antibodies against HA tag, viral proteins, and cellular markers. The subcellular localization of the proteins was examined under a confocal microscope (Fig. 1F ). HA-NS2A displayed a perinuclear distribution pattern that colocalized with calnexin (an ER marker) but not with GM130 (a cis-Golgi marker), indicating that NS2A is associated with the ER membrane. The HA-NS2A was also colocalized with viral C, prM, E, NS1, NS3, and NS4B proteins, as well as double-stranded RNA (dsRNA). Because NS5 mainly resided in the cell nuclei, it did not show a strong fluorescent signal in the cytosol to costain with NS2A protein (Fig. 1F ). The dominant localization of NS5 in nuclei has been reported for many flaviviruses (17) (18) (19) (20) (21) . Nevertheless, the results suggest that HA-NS2A ZIKV could be used to study NS2A in viral replication.
Mutant E103A HA-NS2A ZIKV is defective in virion assembly. We recently identified a class of NS2A mutations that selectively abolished virion assembly without affecting viral RNA synthesis (22) . The availability of HA-NS2A ZIKV has provided a means to explore the molecular mechanisms of these NS2A mutants in causing virion assembly defects. We introduced one such mutation, E103A, into the HA-NS2A ZIKV and confirmed the defective phenotype in virion assembly (Fig. 2 ). After transfection into Vero cells, the WT HA-NS2A ZIKV RNA produced an increasing number of E-positive cells and developed cytopathic effects (CPE) at 72 h posttransfection (p.t.) ( Fig. 2A) . These phenotypes were not observed in the E103A mutant RNA-transfected cells ( Fig. 2A ), suggesting no spread of viral infection. Infectious virus and viral RNA were detected from the culture supernatants of the WT HA-NS2A ZIKV RNA-transfected cells, whereas no virus or extracellular viral RNAs were produced from the mutant RNAtransfected cells ( Fig. 2B and C) . To exclude the possibility that the lack of virion protein, HA-NS2A protein, and nuclei were stained with 4G2 antibody (red), HA antibody (green), and 4=,6-diamidino-2-phenylindole (DAPI) (blue), respectively. (C) Western blot analysis of viral E and HA-NS2A in cells infected with WT ZIKV (P0), HA-NS2A ZIKV (P0), or HA-NS2A ZIKV (P6). The cellular GAPDH was used as a loading control. The circle and triangle indicate NS2A and NS2A␣, respectively. (D) Plaque morphologies. Plaques were developed on Vero cells after 4.5 days of infection. (E) Growth kinetics. Vero cells were infected with WT ZIKV and HA-NS2A ZIKV (P0) on Vero cells at an MOI of 0.01. Supernatants were collected at given time points and subjected to plaque assay. Data present the means and standard deviations from three independent experiments. (F) Confocal fluorescence analysis. Infected Vero cells were fixed with 4% paraformaldehyde at 24 h p.i. Viral C, prM, E, NS1, NS3, NS4B, NS5 proteins, and dsRNA were probed with specific antibodies. ER, Golgi apparatus and nuclei were stained with calnexin antibody, GM130 antibody, and Hoechst 33342, respectively. Bar, 10 m. production of the mutant was caused by decreased viral RNA replication, we analyzed the mutational effect on viral RNA synthesis using an HA-NS2A luciferase replicon ( Fig. 2D ). After transfection into Vero cells, the E103A HA-NS2A replicon produced luciferase signals equivalent to the WT HA-NS2A replicon ( Fig. 2D ), demonstrating that E103A mutation does not affect viral RNA synthesis. Next, we used transmission electron microscopy (TEM) to examine the cells that had been infected with the E103A HA-NS2A ZIKV. A single-round infectious E103A HA-NS2A ZIKV was prepared by trans complementation (Fig. 2E ) in which the mutant viral RNA was transfected into a BHK-21 cell line stably expressing WT NS2A-HA protein (22) . The resulting E103A HA-NS2A ZIKV was used to infect Vero cells. At 24 h postinfection (p.i.), the cells were processed for TEM analysis (Fig. 2F ). Both WT and mutant virus-infected cells developed virus-induced vesicles (Ve) in the rough ER lumen that are presumed to be the viral replication sites (23) , whereas no membrane alteration was observed in mock cells. Virus particles were detected only in the WT virus-infected cells (Fig. 2F ). The results demonstrate that the E103A mutant could induce ER rearrangement for RNA replication but did not produce virions.
NS2A selectively interacts with prM, E, NS2B, and NS3 proteins. Taking advantage of the HA-tagged NS2A protein, we performed coimmunoprecipitation (co-IP) to identify viral proteins that bind to NS2A in ZIKV-infected cells. In WT HA-NS2A ZIKVinfected cells, HA-NS2A selectively pulled down prM, E, NS2B, and NS3 proteins but not C, NS1, NS4B, or NS5 proteins (Fig. 3A, lane 7) . We did not test NS4A protein due to the lack of good antibodies against this protein (data not shown). As a negative control, HA antibody did not pull down any viral proteins from the cells infected with the WT ZIKV without HA tag (Fig. 3A, lane 6) , demonstrating the specificity of the co-IP result. To examine if the observed HA-NS2A interactions were mediated by viral RNA, we treated the co-IP reaction mixture with RNase A to degrade viral and cellular RNAs. No viral RNA or cellular glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA was detected by RT-PCR after the RNase A treatment (Fig. 3B ). The RNase A treatment did not affect the HA-NS2A binding to prM, E, NS2B, and NS3 proteins ( Fig. 3C) , indicating that the observed interactions are independent of RNA.
Since prM/E and NS2B/NS3 form individual complexes, we examined if HA-NS2A interacts with one or both proteins from the prM/E and NS2B/NS3 complexes. HEK293T cells were cotransfected with two plasmids: one plasmid encoding HA-NS2A and the other encoding Flag-tagged prM, E, NS2B, or NS3 protein. Co-IP results showed that HA-NS2A pulled down individual prM-Flag ( Fig. 4A ), E-Flag ( Fig. 4B ), NS2B-Flag (Fig. 4C ), and NS3-Flag ( Fig. 4D ). These results were further corroborated by reciprocal co-IP data. As negative controls, isotype IgG did not pull down any viral proteins ( Fig. 4A to D). These data indicate that ZIKV NS2A can interact with individual prM, E, NS2B, or NS3 protein.
Mutation E103A abolishes NS2A binding to other viral proteins. To explore the molecular defect of NS2A E103A on virion assembly, we performed co-IP on cells that were infected with E103A HA-2A ZIKV (prepared through trans complementation described in Fig. 2E ). Remarkably, E103A HA-NS2A lost its binding to prM, E, NS2B, or NS3 protein (Fig. 3A, lane 8) , demonstrating the critical role of these interactions in virion assembly. As hypothesized in Fig. 5A (left panel), the prM/E complex could directly interact with NS2B/NS3 complex; alternatively, the prM/E and NS2B/NS3 complexes could indirectly interact through NS2A as an intermediator. The lack of interactions between E103A NS2A and prM/E or NS2B/NS3 enabled us to differentiate between the two possible modes of prM/E and NS2B/NS3 interaction ( Fig. 5A , right panel). To address this question, we transfected WT or E103A HA-NS2A ZIKV RNA into BHK-21 cells. At 24 h p.t., cell lysates were immunoprecipitated with antibodies against prM or NS2B. Both prM and NS2B antibodies pulled down WT NS2A in the WT HA-NS2A ZIKV RNAtransfected cells, whereas neither antibody pulled down E103A NS2A in the E103A HA-NS2A ZIKV RNA-transfected cells ( Fig. 5B ). Importantly, regardless of WT or E103A NS2A, prM antibody pulled down both prM and E proteins but not NS2B or NS3, whereas NS2B antibody pulled down both NS2B and NS3 proteins but not prM or E (Fig. 5B ). As a negative control, no viral proteins were pulled down when the samples were precipitated with isotype IgG. These results indicate that, in the context of ZIKV replication, (i) the prM/E complex does not directly interact with the NS2B/NS3 complex and (ii) mutant E103A NS2A does not affect the formation of prM/E or NS2B/NS3 complex.
Taken together, the data support the idea that NS2A serves as an intermediator to interact with the prM/E and NS2B/NS3 complexes ( Fig. 5C , left panel). Mutation E103A Capsid cleavage is not responsible for the defective virion assembly of NS2A E103A. Besides the loss of the interactions with prM/E and NS2B/NS3 complexes (Fig. 3A, lane 8) , the NS2A E103A mutation also resulted in a cleaved C protein (ϳ13 kDa) in the E103A HA-NS2A ZIKV-infected cells (Fig. 3A, lane 4) . Sequence analysis of C protein suggests two potential cleavage sites for viral protease: K 6 K 7 2S 8 and K 18 R 19 2G 20 (symbol "2" denotes cleavage site) ( Fig. 6A ). To determine which cleavage site is responsible for the formation of smaller C, we engineered single-(K6A or R19A) or double-amino-acid mutations (K6A/R19A) to knock out the putative cleavage sites in the WT or E103A HA-HS2A ZIKV RNA. After transfecting the viral RNAs into cells, no cleaved C was detected from the capsid K6A and K6A/R19A (but not R19A) RNAs containing the E103A NS2A mutation (Fig. 6B , lanes 7 to 9), indicating that K 6 K 7 2S 8 is responsible for the C cleavage. IFA of the capsid K6AϩNS2A E103A viral RNAtransfected cells did not show any increase in E-positive cells from 24 to 72 h p.t. (Fig. 6C ). Furthermore, incubation of naive Vero cells with supernatants from the transfected cells did not yield any E-positive cells (Fig. 6D ). These results indicate that, despite no C cleavage, the capsid K6AϩNS2A E103A viral RNA remains defective in virion production. In contrast, the capsid K6A mutation did not affect the ability of WT viral RNA to produce infectious virus ( Fig. 6C and D) , excluding the possibility that capsid K6A itself is detrimental to virion assembly. Collectively, these results suggest that capsid cleavage is the consequence, not the cause, of the assembly defect.
NS2A selectively binds to viral RNA in infected cells. To further explore the role of ZIKV NS2A in virion assembly, we examined the ability of NS2A to bind viral RNA using an RNA immunoprecipitation (RNA-IP) assay. WT HA-NS2A ZIKV-infected cell lysates were precipitated by antibodies against HA, viral NS1 protein, or cellular protein claudin-2 (Fig. 7A ). The amount of viral RNA coprecipitated with HA-NS2A, NS1, or claudin-2 was measured by quantitative real-time RT-PCR (RT-qPCR); as controls, two cellular RNAs (GAPDH and U1) were also quantified from the precipitated samples. The enrichment of each RNA was calculated by comparison to the RNA level coprecipitated with a control IgG. As shown in Fig. 7B , about 2.5-fold enrichment of viral RNA was found in the HA-NS2A-precipitated samples, whereas no enrichments were observed for cellular GAPDH or U1 RNA. Viral NS1 or host claudin protein did not enrich ZIKV RNA, GAPDH, or U1 RNA (Fig. 7B) . The results suggest a specific interaction between NS2A and viral RNA in ZIKV-infected cells. Zika Virus NS2A-Mediated Virion Assembly ® Specific interaction between NS2A and viral 3= UTR RNA. We performed an in vitro RNA-protein pulldown assay to characterize the NS2A-viral RNA interaction ( Fig. 7C ). Recombinant NS2A with an N-terminal glutathione S-transferase (GST-NS2A) was expressed from Escherichia coli, partially purified, and reconstituted in detergent n-Dodecyl-␤-D-maltopyranoside (DDM)-containing buffer. ZIKV 5= UTR-C 66 -3= UTR RNA (comprising the 5= UTR, the first 66 nucleotides of the C gene, and the 3= UTR of viral genome) was in vitro transcribed and ligated to a biotinylated cytidine using T4 RNA ligase, resulting in 5= UTR-C 66 -3= UTR-biotin RNA. The 5= UTR-C 66 -3= UTR-biotin RNA efficiently pulled down GST-NS2A but not GST (Fig. 7D) . In contrast, a biotinylated nonviral RNA control (an iron response element RNA) was not able to pull down GST or GST-NS2A protein (Fig. 7D ). Next, we performed an RNA competition assay to demonstrate the specificity of GST-NS2A/5= UTR-C 66 -3= UTR RNA interaction. Increasing amounts of unbiotinylated 5= UTR-C 66 -3= UTR RNA competed away the GST-NS2A/5= UTR-C 66 -3= UTR-biotin RNA interaction, whereas yeast tRNAs did not ( Fig. 7E ), suggesting the specificity of the NS2A/5= UTR-C 66 -3= UTR RNA interaction.
Affinity of NS2A-viral RNA interaction. We estimated the binding affinity of the GST-NS2A/5= UTR-C 66 -3= UTR RNA interaction. 5= UTR-C 66 -3= UTR-biotin RNA was incubated with increasing concentrations of recombinant GST-NS2A protein. The reaction mixtures were separated on an agarose gel, transferred to a nylon membrane, and probed with streptavidin-horseradish peroxidase (HRP) (Fig. 7F, top panel) . Quantification of free RNA and RNA/protein complex estimated a K d (dissociation constant) of 10.3 nM for ZIKV NS2A binding to viral RNA (Fig. 7F, bottom panel) .
Mapping the 3= UTR responsible for NS2A binding. To determine the RNA region responsible for NS2A binding, we performed a competition assay using unbiotinylated 5= UTR-C 66 -3= UTR RNA fragments as competitors. Figure 8A lists the RNA fragments and their locations in the 3= UTR of ZIKV RNA. Unbiotinylated 3= UTR RNA, not 5= UTR-C 66 RNA, competed away the GST-NS2A/biotinylated 5= UTR-C 66 -3= UTR interaction ( Fig. 8B , left panel), suggesting that NS2A binds to the 3= UTR. Since the 3= UTR consists of three domains (D1, D2, and D3 [ Fig. 8A] ), we performed further competition assays using unbiotinylated RNA fragments representing D1, D2, D3, D1ϩD2, and D2ϩD3 as competitors. The GST-NS2A/biotinylated 5= UTR-C 66 -3= UTR interaction was competed away by D1 and D1ϩD2, not by D2, D3, or D2ϩD3, indicating that D1 is the main NS2A binding site (Fig. 8B, left panel) . Because D1 contains two stem-loops (SL-1 and SL-2 [ Fig. 8A]) , we tested which stem-loop binds to NS2A. Competition results showed that, UTR-C 66 -3= UTR responsible for its binding to NS2A. A competition assay was performed by adding various unbiotinylated RNA fragments to the mixture of GST-NS2A and biotinylated 5= UTR-C 66 -3= UTR RNA. The remaining amounts of GST-NS2A pulled down by biotinylated 5= UTR-C 66 -3= UTR were detected using Western blotting. (C to F) Effect of SL-2 deletion on virion assembly. An SL-2 deletion (ΔSL-2) was engineered for the HA-NS2A viral RNA. Equal amounts of WT and ΔSL-2 viral RNAs were transfected into Vero cells. At 6 h p.t., cells were washed three times with PBS and maintained in fresh medium. At 18 to 24 h p.t., quantitative RT-PCR was used to measure the intracellular (C) and extracellular (D) viral RNA levels. The ratio of extracellular to intracellular viral RNA levels was calculated to indicate virion assembly/release efficiency (E). A nonreplicative NS2A N130A RNA (22) was included as a background control (data not shown). In addition, at 24 h p.t., an RNA-IP assay was performed to measure the viral RNA binding to HA-NA2A protein (F). WT and ΔSL-2 HA-NS2A RNA-transfected cell lysates were precipitated by HA antibodies. The amount of viral RNA coprecipitated with HA-NS2A was quantified by RT-qPCR. Cellular GAPDH and U1 RNAs were included as controls.
although SL-1 and SL-2 form similar secondary structures, only SL-2 efficiently competed away the GST-NS2A/biotinylated 5= UTR-C 66 -3= UTR interaction (Fig. 8B, right  panel) . Overall, the results demonstrate that ZIKV NS2A specifically binds to the SL-2 region from the 3= UTR of genomic RNA.
Amino acids R96 and R102 of NS2A are required for virion assembly. Comparison of the membrane topology between ZIKV and DENV NS2A protein revealed a conserved cytoplasmic loop formed by amino acids 97 to 104 (12, 22) . The cytoplasmic loop has one conserved, positively charged residue, R102; another positively charged residue, R96, located immediately upstream of the loop, is also conserved (Fig. 9 ). Since viral RNA is located on the cytoplasmic side of the ER membrane, we hypothesized that residues R96 and R102 might play a role in NS2A binding to viral RNA. To test this hypothesis, we prepared three recombinant ZIKVs containing Ala substitutions at single (R96A or R102A) and double (R96A/R102A) residues (Fig. 9A) . After transfecting the viral RNAs into Vero cells, WT, R96A, and R102A RNAs generated increasing E-positive cells from 24 to 48 h p.t. (Fig. 9B) . At 72 h p.t., about 60% and 40% of the R96A and R102A RNA-transfected cells were E-positive, respectively, whereas the WT RNA-transfected cells developed CPE (Fig. 9B) . Mutants R96A and R102A produced infectious viruses with opaque plaques smaller than the WT ZIKV ( Fig. 9C) . At 24 to 72 h p.t., viral titers of R96A and R102A mutants were Ͼ13-fold lower than the WT (Fig. 9D) . In contrast, double mutant R96A/R102A RNA did not produce any infectious virus, as indicated by no increase of E-positive cells p.t. (Fig. 9B ) and no detectable extracellular viruses ( Fig. 9C and D) . To examine if intracellular infectious viruses were formed in the R96A/R102A RNA-transfected cells, we incubated naive Vero cells with the RNAtransfected cytosol extracts. Only the WT RNA-transfected cytosol produced E-positive Vero cells; no E-positive cells were detected after infection with the R96A/R102A RNA-transfected cytosol (Fig. 9E ). These data demonstrate that single mutation R96A or R102A attenuates, and double mutation R96A/R102A abolishes, virus production.
To examine if the mutations affect viral RNA synthesis, we engineered R96A, R102A, or R96A/R102A into a luciferase ZIKV replicon. Equal amounts of WT and mutant replicon RNAs were transfected into Vero cells. At 18 to 42 h p.t., three mutant replicons produced slightly lower luciferase signals (Ͻ3-fold) than the WT (Fig. 9F ), suggesting that the mutations only marginally reduce viral RNA synthesis. Together with the full-length RNA results ( Fig. 9B to E), we conclude that R96 and R102 play a more important role in virion assembly than viral RNA synthesis.
R96 and R102 are required for NS2A binding to viral RNA. We performed an in vitro RNA-protein binding assay to examine the role of R96 and R102 in NS2A binding to viral RNA. To focus on the RNA binding to the NS2A cytosolic loop region, we prepared recombinant protein GST-NS2A(58 -133), representing amino acids 58 to 133 of NS2A with an N-terminal GST (22) . WT GST-NS2A(58 -133) was efficiently pulled down by 5= UTR-C 66 -3= UTR-biotin RNA (Fig. 9G, lane 3) , whereas double mutant R96A/R102A lost 77% of the binding to 5= UTR-C 66 -3= UTR-biotin (lane 4). As a negative control, E103A mutant GST-NS2A(58 -133) did not compromise the RNA binding (lane 5). The results indicate that R96 and R102 are important for NS2A binding to viral RNA.
Deletion of 3= UTR SL-2 RNA (responsible for binding to NS2A) decreases virion assembly efficiency. Figures 8B and 9 suggest that the R96/R102 loop of NS2A protein may selectively bind to the SL-2 region of 3= UTR RNA during virion assembly. To demonstrate the function of SL-2 RNA in virion assembly, we deleted the SL-2 RNA region (ΔSL-2, Fig. 8A ) and examined the deletion effect on virion assembly ( Fig. 8C to E). After transfecting WT and ΔSL-2 HA-NS2A viral RNAs into Vero cells, RT-qPCR was performed to measure intracellular and extracellular viral RNAs. The ratio of extracellular to intracellular RNA levels was used as an indicator for virion assembly/release efficiency. A nonreplicative mutant NS2A N130A RNA (22) was included as a negative control; the intracellular and extracellular viral RNA amounts from this nonreplicative RNA served as a background for data analysis (data not shown). At 18 to 24 p.t., the WT generated Ͻ4-fold-higher intracellular viral RNAs than the ΔSL-2 mutant (Fig. 8C ) but Ͼ12-fold-higher extracellular viral RNA levels (Fig. 8D ), leading to significantly higher extracellular/intracellular viral RNA ratios (Fig. 8E) . The result suggests that 3= UTR SL-2 RNA increases the efficiency of virion assembly/release. Next, we performed an RNA-IP assay to compare the viral RNA binding to NS2A between the WT and ΔSL-2 HA-2A RNA-transfected cells. At 24 h p.t., the cell lysates were precipitated by HA antibodies. The amount of indicated RNA coprecipitated with HA-NS2A was quantified by RT-qPCR. Compared with the cellular GAPDH and U1 RNAs, the WT viral RNA was ϳ2-fold enriched in binding to HA-NS2A protein, whereas ΔSL-2 RNA was not significantly enriched (Fig. 8F) . Collectively, the ΔSL-2 results provided functional evidence that the 3= UTR SL-2 RNA region interacts with NS2A during ZIKV assembly.
DISCUSSION
Flavivirus infection induces double-membrane vesicles (Ve) where viral replication complexes reside (23) (24) (25) (26) (27) . At the early stage of the viral infection cycle, newly synthesized plus-sense RNAs are released from the Ve pore to the rough ER for new rounds of viral translation and replication. At the late stage of the viral infection cycle, nascent RNAs are destined for virion assembly. Virions assemble at the ER sites adjacent to Ve, where viral RNA encapsidation with C protein, envelopment with prM/E, and virion budding occur (23, 27) . The mechanism of how genomic RNA and viral structural proteins are recruited to assemble virus particles is not well defined. Here, we took a combinatory genetic and biochemical approach to identify the molecular interactions that drive the process of virion assembly. Since NS2A has been well documented to participate in flavivirus virion assembly (7) (8) (9) (10) (11) (12) (13) (14) , we decided to map its interaction with other viral proteins using an unbiased co-IP approach. The co-IP results revealed that, in ZIKV-infected cells, NS2A specifically interacted with prM, E, NS2B, and NS3 (not C, NS4B, or NS5) in a viral RNA-independent manner (Fig. 3A) . Corroboratively, coexpression of NS2A with prM, E, NS2B, or NS3 showed that NS2A could directly pull down each of these proteins and vice versa (Fig. 4) . However, the prM/E complex does not interact with the NS2B/NS3 complex (Fig. 5) . These results suggest a central role of NS2A in recruiting prM/E and NS2B/NS3 to the virion assembly site. Since DENV NS2A oligomerizes (12, 28) , it is conceivable that individual prM/E and NS2B/NS3 complexes may interact with different molecules of NS2A. Indeed, we found that ZIKV NS2A could also oligomerize (Fig. 9H) , and the E103A mutation did not affect the NS2A oligomerization (data not shown). Oligomerization of NS2A could bring together all the complexes for virion assembly (Fig. 9I) .
The biological relevance of NS2A/prM/E and NS2A/NS2B/NS3 interactions was supported by the NS2A E103A mutation that abolished virion assembly as well as NS2A binding to prM/E or NS2B/NS3 complexes ( Fig. 2 and 3A) . Amino acid E103 is located at the cytoplasmic loop of NS2A. It is surprising that single-residue mutation abolished NS2A binding to all viral proteins. This mutation may change the local conformation of NS2A that is critical for those interactions. A high-resolution structure of NS2A is ultimately needed to provide the underlying mechanism. In agreement with our results, previous YFV and DENV-2 studies showed that defective virion assembly caused by NS2A mutations could be rescued by second-site mutations in prM, E, NS2B, and NS3 proteins (13, 14) , providing genetic support for the NS2A/prM/E and NS2A/NS2B/NS3 interactions during flavivirus assembly. We also attempted revertant selections for the NS2A E103A mutant but failed to recover second-site mutations after several trials (data not shown).
Besides losing binding to other viral proteins, the NS2A E103A mutation also led to the production of a truncated C protein, with the first 6 amino acids removed by viral NS2B/NS3 protease (Fig. 6 ). We showed that the truncated C protein did not account Zika Virus NS2A-Mediated Virion Assembly ® for the defect of E103A virion assembly because the truncated protein was fully competent in producing infectious virus in the context of WT NS2A. This result suggests that, although C protein did not directly bind to NS2A, it was indirectly affected by the NS2A mutation. Since the N-terminal region of C has many positively charged residues (altogether, 6 Arg or Lys residues in the first 19 amino acids), this region may participate in genomic RNA binding and, consequently, protect the N-terminal region from protease cleavage. In the context of NS2A E103A, defective virion assembly renders the capsid N-terminal region accessible for viral protease cleavage. Overall, the result points out a functional connection between C and NS2A proteins during ZIKV assembly.
Our biochemical and functional analysis indicates that the 3= UTR of viral RNA may serve as an "RNA recruitment signal" for ZIKV assembly. Although the 3= UTR of Kunjin virus was reported to bind to NS2A (8), the molecular detail and biological importance have not been well characterized. Using a biotinylated RNA pulldown and competition assay, we identified a 3= UTR fragment containing SL-2 as a determinant for NS2A binding (Fig. 8A and B) . Since the C protein nonspecifically binds to RNA (29), the SL-2 RNA may function as a "recruitment signal" for the viral genome to be recruited for virion assembly. Functionally, deletion of SL-2 reduced the efficiency of virion assembly through a decreased viral RNA binding to NS2A protein ( Fig. 8C to F). Since flavivirus replication produces abundant subgenomic flaviviral RNAs (sfRNAs), the sfRNAs represent the 3=-terminal region of viral genome and contain the SL-2 RNA element (30, 31) . Future studies are needed to test if the sfRNAs might be packaged into viral particles or may modulate virion assembly. From the NS2A side, we have identified a cytoplasmic loop as the major RNA binding site. Two positively charged residues (R96 and R102) from this region are critical for RNA binding and virion assembly; substitutions of Ala for these residues reduced 77% of the RNA binding and completely abolished virus production ( Fig. 9 ). The biological relevance of the above findings was further supported by the findings that a deletion of the 3= UTR SL-2 RNA reduced virion assembly and viral RNA binding to NS2A (Fig. 8C to F) .
During flavivirus assembly, the cleavage between C and prM is tightly regulated in a sequential manner by NS2B/NS3 protease and cellular signalase (32) (33) (34) . The capsid C terminus is first cleaved by viral NS2B/NS3 on the cytoplasmic side of the ER, followed by the cleavage at the N terminus of prM by a host signalase in the ER lumen. Based on this knowledge, together with the findings in this study, we propose a model for ZIKV assembly (Fig. 9I) . At a late stage of the viral infection cycle, NS2A recruits unprocessed C-prM-E, NS2B/NS3, and viral RNA to the virion assembly site. As mentioned above, these molecules could be recruited by separate NS2As and brought together through NS2A oligomerization (Fig. 9H ). Once these molecules have been assembled, NS2B/NS3 protease initiates the processing of C-prM-E to produce C, prM, and E (35) . The C molecules, together with those already stored at the nearby lipid droplets (36) , bind to viral RNA and form nucleocapsid core, which is enveloped by prM and E proteins, leading to virion budding into the ER lumen. Although separate expressions of C, prM-E, and viral RNA could produce virus, the virus yield is significantly lower than when C-prM-E is expressed together as a single polyprotein (37) (38) (39) (40) . The model presented in Fig. 9I is also supported by our recent results for DENV assembly (41) .
Finally, it should be noted that, in addition to the viral proteins described here, cellular factors (including proteins and lipids) have been well documented to participate in virion assembly (42) . Studies are needed to integrate host factors into the network of flavivirus virion assembly. For instance, interactomes of NS2A and other viral proteins could be functionally examined for their roles in different steps of flavivirus infection (43, 44) . Inhibition of essential protein-protein interactions will provide new avenues for antiviral development. (ATCC) and cultured in high-glucose Dulbecco's modified Eagle's medium (DMEM) supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, and 10% fetal bovine serum (FBS; HyClone Laboratories). BHK-NS2A-HA cells (22) constitutively expressing WT ZIKV NS2A protein with a C-terminal HA tag were maintained in DMEM supplemented with 2 mM L-glutamine, 1% penicillin-streptomycin, 10% FBS, and 750 g/ml G418. All cells were grown at 37°C with 5% CO 2 . Medium, antibodies, and supplements were purchased from ThermoFisher Scientific (Waltham, MA). Antibodies. The following antibodies were used in this study: mouse monoclonal antibody 4G2 cross-reactive with flavivirus E protein (ATCC); rabbit anti-E polyclonal antibody (GeneTex); rabbit anti-HA monoclonal antibody (Cell Signaling Technology); mouse anti-HA monoclonal antibody (Cell Signaling Technology); rabbit anti-Flag polyclonal antibody (Cell Signaling Technology); mouse anticapsid antiserum (generated in-house); rabbit anti-prM polyclonal antibody (GeneTex); rabbit anti-NS1 polyclonal antibody (GeneTex); rabbit anti-NS3 polyclonal antibody (GeneTex); mouse monoclonal antibody cross-reactive with ZIKV and DENV-2 NS4B (clone 44-4-7) (45); mouse anti-NS5 antiserum (generated in-house); mouse anti-dsRNA monoclonal antibody, clone J2 (SCICONS English & Scientific Consulting Kft); rabbit anticalnexin polyclonal antibody (Sigma-Aldrich); rabbit anti-GM130 monoclonal antibody (Cell Signaling Technology); rabbit anti-NS2B polyclonal antibody (GeneTex); rabbit anti-GAPDH polyclonal antibody (Sigma-Aldrich); rabbit anti-claudin-2 polyclonal antibody (Invitrogen); rabbit anti-GST polyclonal antibody (Abcam); goat anti-mouse IgG polyclonal antibody conjugated with Alexa Fluor 568 (ThermoFisher Scientific); goat anti-mouse IgG polyclonal antibody conjugated with Alexa Fluor 488 (ThermoFisher Scientific); goat anti-rabbit IgG polyclonal antibody conjugated with Alexa Fluor 568 (ThermoFisher Scientific); goat anti-rabbit IgG polyclonal antibody conjugated with Alexa Fluor 488 (ThermoFisher Scientific); goat anti-mouse and anti-rabbit IgG polyclonal antibodies conjugated with horseradish peroxidase (HRP) (Sigma-Aldrich); protein A conjugated with HRP (Sigma-Aldrich); rabbit IgG isotype control (Invitrogen); and mouse IgG isotype control (Invitrogen).
MATERIALS AND METHODS
Plasmid construction. XhoI and KpnI restriction sites at positions 3018 and 5010 in the ZIKV genome were introduced into the ZIKV infectious cDNA clone (pFLZIKV) and the Renilla luciferase (Rluc) reporter ZIKV replicon (pZIKV Rep WT) as reported previously (22) . The DNA fragments encoding the WT NS2A or NS2A mutants with an N-terminal human influenza virus hemagglutinin (HA) tag were amplified by standard overlap PCR and cloned into pFLZIKV and pZIKV Rep WT through XhoI and KpnI restriction sites, resulting in pFLZIKV HA-NS2A and pZIKV replicon HA-NS2A. To ensure the accessibility of the HA tag without interfering in the processing and function of NS2A protein, two short flexible linkers, Gly-Ser-Gly and Gly-Gly-Gly, were placed at the N terminus and C terminus of HA tag, respectively. The DNA fragments containing capsid mutations were cloned into pFLZIKV HA-NS2A through NheI and AvrII restriction sites. The DNA fragments containing 3= UTR SL-2 deletion were generated by overlap PCR and inserted into pFLZIKV HA-NS2A through EcoRI and ClaI restriction sites.
A mammalian expression vector, pXJ (12) , was used to construct the plasmids expressing various viral proteins and derived mutants. Constructs pXJ-NS2B-Flag and pXJ-NS3-Flag were constructed by inserting the DNA fragments encoding the NS2B or NS3 protein with a C-terminal Flag-tag sequence into the pXJ vector. pXJ-prM-Flag was constructed by cloning a DNA fragment encoding the anchor C signal peptide (C 18 ) and the prM with a C-terminal Flag tag into the pXJ vector. C 18 was retained to ensure the correct ER membrane targeting of prM. A DNA fragment encoding the last 17 amino acids of M protein (M 17 ) and the E protein with a C-terminal Flag tag was cloned into pXJ vector, resulting in construct pXJ-E-Flag. M 17 served as a signal peptide for translocation of E into the ER lumen. For the construct pXJ-HA-NS2A, a DNA fragment encoding a signal peptide from Gaussia luciferase (SPG), the last 16 amino acids of NS1 protein (C 16 ), and NS2A with an N-terminal HA tag were fused and cloned into the pXJ vector. SPG and C 16 sequences were engineered to ensure the correct processing and membrane topology of NS2A.
For constructs expressing full-length NS2A or its various mutants or truncations with an N-terminal glutathione S-transferase (GST) tag in E. coli, the corresponding DNA fragments were cloned into the vector pGEX-4T-1 (GE Healthcare).
Recovery of recombinant viruses, plaque assay, RNA extraction, and RT-PCR. All viral RNAs were in vitro transcribed from full-length cDNA clone plasmids (linearized by ClaI restriction enzyme) using the T7 mMessage mMachine kit (Ambion) and electroporated into cells (Vero or BHK-21) using the Gene Pulser XCell electroporation system (Bio-Rad) to generate virus as mentioned previously (46) . Because the transfection efficiency in BHK cells is higher than that in Vero cells, we chose BHK cells when transfecting lethal mutant E103A RNA. All other mutant and WT RNAs were transfected into Vero cells. At various time points, the culture fluids from viral RNA-transfected cells were collected, filtered through a 0.22-m polyether sulfone membrane (Millipore), and stored at Ϫ80°C. The viral titers were determined by plaque assay using a protocol described previously (22) . The culture fluids were used to extract extracellular viral RNA using the QIAamp viral RNA minikit (Qiagen). The total cellular RNAs were extracted by RNeasy minikit (Qiagen). RT-PCR was performed according to the protocol described previously (22) . Primers ZIKV XhoI 3009F (5=-GATTATTCACTCGAGTGTGATCC-3=) and ZIKV KpnI 5030R (5=-GATTGGAGATCCTGAGGTAC CTGCTGGGTAGT-3=) were used to amplify ZIKV cDNA fragments. After 40 PCR cycles, the amplified cDNA fragments were analyzed in a 0.8% agarose gel.
Transient replicon transfection assay. The replicon transient-transfection assay was performed as described previously (47) . Briefly, Vero cells were electroporated with Rluc-ZIKV replicon RNAs and harvested at the given time points. The luciferase activity assay was performed using the Renilla luciferase assay system (Promega).
Coimmunoprecipitation assay, SDS-PAGE, and Western blotting. Cells were lysed in IP buffer (20 mM Tris [pH 7.5], 100 mM NaCl, 0.5% DDM, and EDTA-free protease inhibitor cocktail [Roche]) with rotation at 4°C for 1 h. Cell lysates were then clarified by centrifugation at 15,000 rpm at 4°C for 15 min.
The supernatants were mixed with specific antibodies or IgG isotype control (1:200 diluted), after which additional sodium chloride was added to a final concentration of 300 mM. For RNase A treatment groups, RNase A was added to a final concentration of 60 g/ml. The mixtures were rotated overnight at 4°C to form immune complexes. Immune complexes were captured by protein A/G magnetic beads (Millipore) with 1-h rotation at 4°C. Thereafter, bead-bound immune complexes were collected by a DynaMag-2 magnet (ThermoFisher Scientific) and washed five times with chilled phosphate-buffered saline (PBS) containing 0.1% Tween 20. Finally, the bead-bound immune complexes were eluted by boiling in 2ϫ lithium dodecyl sulfate (LDS) sample buffer supplemented with 50 mM dithiothreitol (DTT) at 70°C for 15 min. The eluates were analyzed by SDS-PAGE and Western blotting as described previously (48) . Goat anti-mouse (and anti-rabbit) IgG polyclonal antibodies conjugated with HRP and protein A conjugated with HRP were used as secondary antibodies in Western blot analysis.
Transmission electron microscopy. Vero cells were infected with single-round infectious E103A HA-NS2A ZIKV (derived from trans-complementation as shown in Fig. 2E ) at an MOI of 1. At 24 h p.i., cells were fixed with fixative (50 mM cacodylate buffer [pH 7.3], 2.5% formaldehyde, 0.1% glutaraldehyde, 0.01% picric acid, 0.03% CaCl 2 ) for 2 h at room temperature and then washed twice with 100 mM cacodylate buffer. The monolayers were scraped off and centrifuged at 12,000 rpm for 5 min to pellet cells. The pellets were postfixed with 1% OsO 4 in 100 mM cacodylate buffer, washed with electron microscopy (EM)-grade water, and en bloc stained with 2% aqueous uranyl acetate in water for 20 min at 60°C. The pellets were dehydrated in ethanol series (from 50% to 100%) and processed through propylene oxide before being embedded in Poly/Bed 812 (Polysciences). Ultrathin sections (70 nm) were cut on a Leica EM UC7 ultramicrotome (Leica Microsystems), stained with 0.4% lead citrate in water for 3 min, and examined with a Philips CM100 transmission electron microscope at 60 kV. Digital images were acquired with a bottom-mounted charge-coupled device (CCD) camera, Orius SC2001 (Gatan, Pleasanton, CA).
RNA immunoprecipitation assay and quantitative real-time RT-PCR. RNA immunoprecipitation (RNA-IP) was performed as described previously (49) with some modifications. Cells were lysed in lysis buffer (20 mM HEPES [pH 7.2], 150 mM KCl, 1.5 mM MgCl 2 , 0.5% DDM, 100 U/ml murine RNase inhibitor [New England Biolabs], 0.5% NP-40, 5% glycerol, and EDTA-free protease inhibitor cocktail [Roche]) with rotation for 1 h. Cell lysates were clarified by centrifugation at 13,000 rpm for 15 min, mixed with specific antibodies or IgG isotype control (1:200 dilution), and rotated overnight. Immune complexes were incubated with protein A/G magnetic beads with 1-h rotation, after which bead-bound immune complexes were washed five times with washing buffer (10 mM Tris [pH 7.5], 150 mM KCl, 5 mM MgCl 2 , 1 mM DTT, 0.1% Tween 20). All procedures for RNA-IP were completed at 4°C or on ice. Finally, buffer RLT from the RNeasy minikit (Qiagen) was added to extract the total RNA that had been captured in the bead-bound immune complexes by following the manufacturer's instructions.
Quantitative real-time RT-PCR (RT-qPCR) was performed using an iTaq Universal SYBR Green one-step kit (Bio-Rad) on the LightCycler 480 system (Roche) by following the manufacturer's protocol. Primers ZIKV-6878F (5=-CATGGTAGCAGTGGGTCTTC-3=) and ZIKV-6980R (5=-CTCCTCTCTCCTTCCCATTAGA-3=) were used to determine ZIKV RNA level; primers GAPDH-F (5=-AGGTCGGTGTGAACGGATTTG-3=) and GAPDH-R (5=-TGTAGACCATGTAGTTGAGGTCA-3=) were used to determine the GAPDH mRNA level; primers U1-F (5=-GGGAGATACCATGATCACGAAGGT-3=) and U1-R (5=-ATGCAGTCGAGTTTCCCACA-3=) were used to determine the U1 level. The absolute quantification of ZIKV RNA was determined by standard curve method using in vitro-transcribed full-length ZIKV RNAs.
Expression and purification of recombinant ZIKV NS2A proteins in E. coli. GST-NS2A, GST-NS2A(58 -133), GST-NS2A(58 -133) R96A/R102A, and GST-NS2A(58 -133) E103A recombinant proteins were expressed and purified from E. coli by following a protocol as described previously (50) with modifications. In brief, pGEX-4T-1-derived plasmids encoding the corresponding GST-tagged NS2A or mutants were transformed into E. coli strain Rosetta 2(DE3)pLysS cells (Novagen). The cells were cultured in Terrific Broth medium (Invitrogen) with 100 g/ml ampicillin and 34 g/ml chloramphenicol at 37°C. Once the cell culture reached an optical density at 600 nm (OD 600 ) of 1.0, isopropyl-␤-Dthiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM to induce protein expression. After growing at 16°C overnight, the cells were pelleted down by centrifugation at 8,000 ϫ g for 10 min at 4°C and resuspended in a lysis buffer (pH 7.5, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, 400 mM NaCl, 1 mM EDTA, 10 U/ml Benzonase nuclease [Millipore], and EDTA-free protease inhibitor cocktail [Roche]), followed by ultrasonication at 4°C. The lysates were clarified by centrifugation at 20,000 ϫ g for 10 min. The supernatants were further centrifuged at 39,000 rpm for 1.5 h in an SW40Ti rotor (Beckman Coulter) at 4°C to pellet down the membrane fractions. Afterward, the pellet was resuspended in a solubilization buffer (pH 7.5, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, 1 M NaCl, 1 mM EDTA, 1.5% DDM) with agitation for 2 h at 4°C. After centrifugation at 39,000 rpm for 30 min to remove undissolved debris, the supernatants were then loaded onto a GSTrap FF column (GE Healthcare) preequilibrated with buffer A (pH 7.5, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, 400 mM NaCl, 0.05% DDM, 5 mM DTT, 5% glycerol). After extensive washing in buffer B (pH 7.5, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, 1 M NaCl, 0.05% DDM, 5 mM DTT, 5% glycerol), the column-bound proteins were eluted in buffer A supplemented with 20 mM glutathione. Fractions containing GST-tagged NS2A proteins were then pooled. Ultrafiltration was performed in a 50-kDa centrifugal concentrator (Sartorius) to remove the glutathione from the eluates. Finally, the eluates were concentrated to about 5 mg/ml, aliquoted, and flash-frozen in liquid nitrogen before storage at Ϫ80°C.
RNA-protein pulldown assay. The 5= UTR-C 66 -3= UTR RNAs containing the 5= UTR, the first 66nucleotide sequence of the capsid gene, and the 3= UTR of the ZIKV genome were in vitro transcribed from a DNA template containing T7 promoter using the MEGAscript T7 transcription kit (ThermoFisher Zhang et al. 
